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ABSTRACT 



We present the results of a dedicated search for extremely metal-poor stars in the Fornax, Sculptor, and Sextans dSphs. Five stars were 
selected from two earlier VLT/Giraffe and HET/HRS surveys and subsequently followed up at high spectroscopic resolution with 

VLT/UVES. All of them turned out to have [Fe/H] *L - 3 and three stars are below [Fe/H] 3.5. This constitutes the first evidence 

that the classical dSphs Fornax and Sextans join Sculptor in containing extremely metal-poor stars and suggests that all of the classical 
dSphs contain extremely metal-poor stars. One giant in Sculptor at [Fe/H]=— 3.96 ± 0.06 is the most metal-poor star ever observed in 
an external galaxy. We carried out a detailed analysis of the chemical abundances of the a, iron peak, and the heavy elements, and we 
performed a comparison with the Milky Way halo and the ultra faint dwarf stellar populations. Carbon, barium, and strontium show 
distinct features characterized by the early stages of galaxy formation and can constrain the origin of their nucleosynthesis. 
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Extremely metal-poor stars (EMPS), with [Fe/H] < -3, are ea- 
gerly sought in the Milky Way and beyond, because they pro- 
vide insight into the earliest stages of chemical enrichment pro- 
cesses. With only a few exceptions, the interstellar gas out of 
which stars form is preserved in their outer atmospheres even 
as they evolve up the red giant branch (RGB). High-resolution 
abundance analyses of RGB stars can provide detailed informa- 
tion about the chemical enrichment of the galaxy at the time the 
star was formed; this is a process we will refer to in this context 
as chemical tagging. Since RGB stars can have a wide range of 
lifetimes, depending on their mass, this allows us to build up a 
very accurate picture of how chemical evolution progressed with 
time, from the very first stars until one Gyr ago. 

The most elusive stars in this chemical tagging pro- 
cess are the extremely metal-poor stars (EMPS), which sam- 
ple the earliest epochs of chemical enrichment in a galaxy. 
There have been numerous detail e d studies devoted to the 
search (e.g. IChristlieb et all l2002t iBeers & Christliebl l2005l) 
and characterization (e.g. [M cWilliam et all 119951: [R yan et al. 



1996 -ICarrette et alJ 



2002; Cavrel et al. 2004; Cohen et al. 2004; 



Fran cois et alJ 120071 lLai et all 120081; iBonifacio et al l 120091) of 



EMPS in the Galaxy over the last two decades. But similar stud- 
ies in extra-galactic systems only became feasible with the ad- 
vent of the 8-10m class telescopes. One of the surprising results 
of spectroscopic studies with large telescopes of individual RGB 



stars in nearby dwarf sph eroidal galaxies (dSphs), was the ap - 
parent lack of EMPS (e.g. iHelmi et~ai1l2006t lAoki et al.l l2009). 
even though that the average metallicity of most of these sys- 
tems is very low. However, recent results suggest that this lack 
of EMPS in dSphs i s merely an artifact of the method used to 
search for them (e g. iKirbv et al.ll2008l; IStarkenburg etalJl201Cj 
iFrebel et alJl2010ah . 

The overarching motivation to find and study the most prim- 
itive stars in a galaxy is the information they provide about the 
early chemical enrichment processes and the speed and unifor- 
mity of this environmental pollution. A key question is whether 
chemical enrichment progresses in the same way in dwarf galax- 
ies as compared with larger galaxies such as the Milky Way. 
Probing the chemical enrichment history in different environ- 
ments leads to a better understanding of which processes dom- 
inate in the early universe and for how long. It is important 
to separate initial processes from environmental effects, which 
can dominate the later development of enrichment patterns. The 
studies of the metal-poor population in the Galactic halo sug- 
gests that early enrichment occurs very quickly and uniformly. 
But it is very hard to obtain a reliable overall picture, given the 
large diffuse nature of the Galactic halo and the overwhelming 
numbers of thin and thick disk stars that mask that population. 
Dwarf spheroidal galaxies are much smaller environments, and 
it is much easier to study a significant fraction of their stellar 
population in a uniform way. Although dSphs have almost cer- 
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tainly lost stars, gas, and metals over time, most are unlikely to 
have gained any. It is therefore in those systems that we have 
the best chance to carefully determine the detailed timescales 
of early chemical evolution and look for commonalities with all 
chemical evolution processes in the early universe. 

The star formation histories of the three dwarf spheroidals 
(dSphs) we are studying differ from each other. Sculptor and 
Sextans appear to be predominantly old and metal-poor sys- 
tems, with no significant evidence of any star formation oc- 



curring during the last 1 Gyr (e.g. Maiewski et al. 1999; 



Hurl ev-KelleretaLl [19991: iMonkiewicz et all 119991: iLee et all 
2003). Fornax, on the other hand, is larger, more metal-rich 



in the mean, has five globular clusters, and a much more ex- 
tended star formation history. Fornax also appears to have been 
forming stars quite actively until a few lOOMyr ago, and is 
dominated by a 4-7 Gyr old intermediate - age population (e.g. 
Stetso n et al. 1998!: iBuonanno et all fl 999: Coleman & de Jong 



2008). An ancient population is unequivocally also present, as 
demonstrated by detection of a red horizontal branch, and a 
weak , blue horizontal branc h together with RR Lyrae variable 
stars ( Be rsier & Woo d 2002). Despite their different subsequent 
evolutionary pathways, there seems to be convincing evidence 
that all dSphs had low mass star formation at the earliest times, 
but it is still a point of contention if their early chemical evolu- 
tion differs from one dwarf galaxy to another. (For a more in- 
depth review of the properties of the classical dSphs and other 
dwarf galaxies found in the local group, please see the review by 
Tolstoy, Hill & Tosi 2009). 

In this paper we present the results of a dedicated search for 
EMPS in the Fornax, Sculptor, and Sextans dSphs. In Sect. [2] we 
describe the sample selection, observations, reduction, and basic 
measurements; in Sect. [3] we present the stellar atmospheric pa- 
rameters; in Sect. [4] we describe the abundance analysis method; 
and in Sect. [5] we discuss our results and their implications. We 
summarize our conclusions in Sect. [6] 

2. Observations and data reduction 

We have selected six extremely metal-poor candidate RGB stars 
with V<18.7 mag, two targets per galaxy, in Fornax, Sculptor 
and Sextans. Figure|2]shows the position in color and magnitude 
of our sample stars on the three dSph galaxy giant branches. Five 
targets arise from ou r initial CaT surveys (iTolstovet al.l f2004: 
Battaglia et al. 2006, Battaglia 2010, in prep.), and have metal- 
licity estimates [Fe/Hlcor < -2.6 in these studies. 

One star, Sex24-72, has no CaT estimate and was instead 
chosen from the analysis of its spectrum obtained at a reso- 
lution R=18,000 over 48 14 to 6793 with the High Resolution 
Spectr ograph (HRS.|Tulll(ll998ln at the Hobby-Eberly Telescope 
(HET, Ramsey et all (Il998h \ This 1.3 hour spectrum was taken 
in February 2006 after an initial short observation confirmed it as 
a radial velocity member of Sextans. This observation (program 
STA06- 1-003) was conducted as part of a larger effort to search 
for the most metal-poor stars in northern dSph galaxies, but this 
star was the only very metal-poor radial velocity member found 
in Sextans. 

High-resolution spectra were obtained with the UVES spec- 
trograph at VLT from June to September 2007 (Program ID 
079.B-0672A) and from April to September 2008 (Program IDs 
081.B-0620A and 281.B-5022A). Our (service) observing pro- 
gram was originally planned for the red arm of UVES, centered 
on 5800, covering 4700-6800 at R-40000. From 4700 to 5800 
the dispersion is -0.028 /pix and -0.034 /pix from 5700 to 6800. 
In the following sections we will refer to this wavelength range 
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Fig. 1. Spectra of our five sample stars, ranked by decreasing 
value of [Fe/H], in the region of Mgl. For comparison two Milky 
Way halo stars are included, HD122563 and CD -38 245, at 
[Fe/H]=-2.8 and [Fe/H]=-4.19, respectively. 



as "red". The stars Scl07-49 and Scl07-50 were the first to be ob- 
served in our sample (Period 79). As soon as we realized that our 
sample stars contained extremely metal-poor stars, we extended 
the wavelength domain blue ward in order to get as many lines 
as possible for each element. The spectrum of Scl07-50 was sub- 
sequently completed by the blue arm of UVES, from ~3700 to 
~5000, with ~0.030 /pix. In the following sections, we will refer 
to this wavelength range as "blue". The other stars in Sextans 
and Fornax were observed in dicroid mode (Period 81), the blue 
arm centered on 3900(~0.028 /pix) and the red arm centered on 
5800(~0.034 /pix). The total coverage is ~ 3200 - 6800 with ef- 
fective usable spectral information starting from ~ 3800. In sum- 
mary, all stars have spectra covering 3800 to 6800, except Scl07- 
49, for which we have spectra covering 4700-6800. Our obser- 
vations are summarized in Table[2] One star in Fornax turned out 
to be an M dwarf and was not included in this work. The signal- 
to-noise ratios are given per pixel. Figure Q] presents the spec- 
tra in the region of Mgl of our five sample stars, ranked by de- 
creasing value of [Fe/H], together with the two Milky Way halo 
stars, HD122563 (T e// =4600K, logg=l.l, v,=2.0, [Fe/H]=-2.8) 
and CD-38 245 (T c// =4800K, log g= 1.5, v f =2.2, [Fe/Hl=-4.19 ) 
from the ESO large program "First Stars" (ICavrel et al.l l2004). 
bracketing the metallicity range of the present work. 

The spectra were reduced with the standard VLT UVES re- 
duction pipeline. Individual sub-exposures of 1500-3000 s were 
combined with the IRAF task scombine. The final spectra were 
normalized with DAOSPEcfl and although DAOSPEC also mea- 
sures equivalent widths, we remeasured the equivalent widths 
by hand with the IRAF task splot from Gaussian fits. Indeed, 
at low metallicities, a large fraction of lines are only slightly 



1 DAOSPEC has been written by P.B. Stetson for the Dominion 
Astrophysical Observatory of the Herzberg Institute of Astrophysics, 
National Research Council, Canada. 
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above the noise level and need to be checked individually to pre- 
vent spurious detections. Moreover, the continuum level around 
each line was further checked and adjusted individually, yielding 
more accurate equivalent widths. 

The expected uncertai nty in the eq uivalent widths are esti- 
mated with the formula o f lCavreH(fl98l : 

cr = 1.5 x (S/Ny 1 x ylFWHM x 6x 

, where S/N is the signal-to-noise ratio per pixel FWHM is the 
line full width at half maximum and 6x the pixel size, i.e, ~9m, 
~2.6m, ~1.8m, for our typical S/N, of 10, 35 and 50, respec- 
tively. This formulation however does not include continuum 
placement uncertainties, and therefore provides a lower limit to 
the uncertainties. As also reported in Section 14.21 we conser- 
vatively considered only equivalent widths larger than ~20m in 
the red and ~30m in the blue, and performed synthesis for the 
smaller lines. 



3. Stellar parameters 

3.1. Stellar models 

Photospheric 1-D models for the sample giants were extracted 
from the new MARCS0 spherical model atmosphere grids 



http://marcs.astro.uu.se/ 
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Fig. 2. Reddening corrected color-magnitude diagrams of 
Sextans, Fornax, and Sculptor for our galaxy members selected 
from their spectra in the CaT region. 



(Gustafsson et al. 2003, 2008). The abundance analysis and the 
spectral synthesis calculatio ns we r e perf ormed with the code 
calrai, first dev eloped by | Spita (1 19671) (see also the atomic 
part description in ICavrel et al.l (Il99ll) ). and continuously up- 
dated over the years. This code assumes local thermodynamic 
equilibrium (LTE), and performs the radiative transfer in a a 
plane-parallel geometry. 

The program calrai is used to analyze all DART datasets 
and in particular the VLT/giraffe spectroscopy of Fornax, 
Sculptor, and Sextans dSphs (Hill et al. in prep; Letarte et al., 
2010; Tafelmeyer et al., in prep). The resu lts of these works are 
partly summarized in lTolstov et al.l (120091) . The homogeneity of 
the analyses allows secure comparisons of the chemical patterns 
in all metallicity ranges and between galaxies. 

As we discuss in a following subsection, we had to 
combine the result s provided by cal rai with those of 
turbospectrum (lAlvarez & Plezl[T998h in order to properly 
take into account the continuum scattering in the stellar atmo- 
sphere for the abundances derived from lines in the blue part of 
the spectra. We have conducted a series of tests on HD 122563 
and CD-38 245, sampling the two extremes of our metallicity 
range, to verify the compatibility of the two codes. In all these 
tests, the continuum scattering is treated as absorption in order to 
put both codes on same ground. Both calrai and the version 
of turbospectrum adopted for our calculations use spheri- 
cal model atmospheres and plane-parallel transfer for the line 
fo rmation, also referred to sp computations in the terminology 
of iHeiter & Erikssonl ((2006). These authors recommend the use 
of spherical model atmospheres in abundance analyses for stars 
with logg< 2 and 4000 <T e ff< 6500K, and our target stars fall 
into this range. As they point out, geometry has a small effect on 
line formation and a plane-parallel transfer in a spherical model 
atmosphere gives excellent results with systematics below 0.1 
dex compared to a fully spherical treatment. 

Because the original ab undances of H D 122563 and CD-38 
245 were derived by ICavrel et al.1 d2004l) using MARCS plane- 
parallel models (pp computations) and an earlier version of 
turbospectrum, we proceeded to reproduce their results 
with our technique s. We first checked that we could reproduce 
the abundances of ICavrel et al.l (|2004) with pp computation of 
the current version of turbospectrum: they agree within 
l/1000th of a dex. Moving frompp turbospectrum compu- 
tations to sp induces a mean -0.056 ± 0.04dex shift for CD-38 
245 and -0.12 + 0.07 dex for HD122563 for all iron lines (iron 
is taken here as reference, as it provides the largest number of 
lines). Considering only lines with excitation potential above 
1.4 eV, as we do in the analysis of our dSph star sample, the 
mean difference in iron abundance between the sp versions of 
turbospectrum and calrai is -0.003 and -0.08 dex for 
CD-38 245 and HD122563, respectively. Restricting our analy- 
sis to Fel and to lines with excitation potential larger than 1 .4eV, 
we get a difference of -0.038 ± 0.04dex and -0.108 ± 0.04 for 
CD-38 245 and HD122563, respectively. These num bers per- 
fectly agree with the work of Heiter & Eriksson! d2006l) . which 
describes the difference between sp and fully spherical ss mod- 
els increasing with decreasing stellar gravity and increasing ef- 
fective temperature. The variation in stellar gravity is the pri- 
mary factor of systematics between spherical and parallel mod- 
els. CD-38 245 is hotter than HD122563 by only 200K, but its 
gravity is 0.4 dex larger. 

If we consider all chemical elements and lines for our sample 
stars and keep the same atmospheric parameters, the mean of the 
difference in abundances between the programs calrai and 
turbospectrum for lines with an excitation potential larger 
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than 1.4eV are 0.03 (std=0.05) for Fn05-42, -0.02 (std=0.05) 
for Scl07-49, -0.01 (std=0.03) for Scl07-50, 0.02 ( std=0.08) 
for Sexll-04, and -0.05 (std=0.06) for Sex24-72. These values 
are reached when both codes consider scattering as absorption. 

In conclusion, calrai and turbospectrum lead to 
highly compatible results, well within our observational error 
bars, and their results can be combined with confidence. 

3.2. Photometric parameters 

Optical photometry (V, I) was available for our sample stars 
from the ESO 2.2m WFI dTolstov et alj l2004t iBattaglia et ail 
2006, Battaglia 2010, in prep). This was supple mented by near- 
infrar ed J, H, K s photometry from 2MASS ( Skrutskie et al. 
2006) and from J, K photometry made available from VISTA 
commissioning data, which were also calibrated onto the 
2MASS photometric system. Table [3] presents the correspond- 
ing stellar magnitudes. 

With the exception of the Sculptor stars, for which we have 
no //-band data, we considered four different colors V - 1, V-J, 
V - H and V - K s and the CaT metallicity estimates to get initial 
values of T e ff, following the calibration of Ramirez & Mel endezl 
( 120051) . with a reddening law (A(V)/E(B-V)=3.24) and extinc- 
tion of E(B-V)=0.05, 0.017 and 0.02 for S extans, Sculptor, and 
Fornax, respectively dSchlegel et al . 1998). The calibration of 
Ramirez & Melendez (2005) is our temperature calibration for 
all DART samples. It has the advantage of using the same photo- 
metric system as our observations, avoiding precarious Johnson- 
Cousin system conversions and thereby providing a more robust 
T e ff scale. 

The photometric surface gravities were calculated using the 
standard relation 

logg* = logg + log $j* + 4 x log + 

0.4 x (M Bo i* - MboIg) 
with log g = 4.44, r eff0 =579OK and M Bo i+ the absolute bolo- 
metric magnitude calculated from the V-band ma gnitude using 
the ca libration for the bolometric correction from lAlonso et al.l 
( fl999h . assuming distance s of 140 kpc for Fornax and 90 kpc 
for Sextans and Sculptor dKarachentsev et aD 12004]) . The mass 
of the RGB stars was assumed to be M* = 0.8 M & . 

3.3. Spectroscopic metallicities, temperatures, and 
microturbulence velocities 

The effective temperatures and microturbulence velocities (v mie ) 
were determined spectroscopically from lines of Fel by requir- 
ing no trend of abundance with either excitation potential or 
equivalent width. According to Magain (1984), random errors 
on equivalent widths can cause a systematic bias in the derived 
microturbulence velocities. This effect is caused by the correla- 
tion of the error on each equivalent width and the abundance de- 
duced from it, and can be avoided by using predicted equivalent 
widths instead of measured ones in the plot of iron abundances 
vs. equivalent widths. The former are calculated using the line's 
log gf value and excitation potential and the stellar atmospheric 
parameters. They are thus free of random errors and yield un- 
biased microturbulence velocities. We estimated the change in 
velocities that would compensate for the differences of slopes 
when changing to predicted equivalent widths, and found that 
much less than 0. 1 km/s was sufficient in all cases. This is small 
compared to the uncertainties given in Sect. 13.41 We neverthe- 
less used the predicted equivalent widths instead of the measured 
ones for the Sextans stars with [Fe/H]> -3. Extrapolation of 



the model atmospheres, which was necessary for the metallic- 
ity domain below -3, can cause errors in the predicted equiva- 
lent widths, therefore they were not used for the remaining more 
metal poor stars of our sample. 

Surface gravities are often determined spectroscopically by 
requiring iron to have ionization equilibrium. For our sample 
stars, [Fel/H] abundances were determined from 20-70 Fel lines 
per star, depending on S/N and metallicity. However, the Fell 
abundances were deduced from a small number (2 to 4) of weak 
lines and were consequently fairly uncertain. Moreover, the at- 
mospheres of metal-poor stars are characterized by low electron 
number densities and low opacities. Hence local thermodynam- 
ical equilibrium (LTE) is not fulfilled in the atmospheric layers 
where these lines are formed. The main non-LTE effect on iron 
is over-ionization, which is caused by photo-ionization of ex- 
cited Fe l lines from a s uper-thermal radiation field in the UV 
(see e.g. lAsplundll2005l and references therein). Therefore we 
did not use spectroscopic gravities but rather kept the photomet- 
ric ones. Note that all our stars, except Scl07-50, have higher 
iron abundances when derived from ionized species instead of 
neutral ones. Even though the differences are typically within 
the errors, we see this as clear evidence for over-ionization ow- 
ing to NLTE effects. The situation is even clearer for titanium, 
with differences between [Til/H] and [Till/H] of ~0.4 dex. The 
first ionization potential of titanium is slightly lower than that of 
iron, while the second ionization potential is roughly the same. 
Therefore one expects the overionization caused by the UV ra- 
diation field to be more prominent for titanium than for iron. 
Moreover, almost all Ti I lines measured here arise from low ex- 
citation levels, and are therefore also more prone to NLTE effects 
on the level population than the higher excitation Fe I lines. 

For Scl07-049, we count *20 Fel lines («50% of the total 
number of Fel lines) with excitation potentials below 1.4 eV. 
They may well be affected by non-LTE effects, as these are par- 
ticularly important for low excitation lines. This influences the 
atmospheric parameters by biasing the diagnostic slopes and the 
metallicities. Hence, these lines were not considered, neither for 
the determination of the mean metallicity nor for the effective 
temperature. For Fnx05-042 the influence of these lines was neg- 
ligible, thus they were kept in the analysis. The fraction of low 
excitation lines is much smaller in the case of the two Sextans 
stars and Scl07-050 (10 to 20% of the total). Hence, all lines 
were included. 

3.4. Final atmospheric parameters and error estimates 

The convergence to our final atmospheric parameters, presented 
in Table |U was achieved iteratively, as a trade-off between min- 
imizing the trends of metallicity with excitation potentials and 
equivalent widths on the one hand and minimizing the differ- 
ence between photometric and spectroscopic temperatures on 
the other hand. We started from the photometric parameters and 
adjusted T e ff and v, by minimizing the slopes of the diagnostic 
plots, allowing for deviation by no more than 2 cr of the slopes. 
This yielded new metallicities, which were then again fed into 
the photometric calibration to derive new photometric tempera- 
tures and gravities. In this way, after no more than two or three it- 
erations, we converged on our final atmospheric parameters. The 
errors in atmospheric parameters, +150 K for T e ff +0.2 km/s for 
v, and +0.3 dex log(g), also reported in Table[5] reflect the range 
of parameters over which we can fulfill our conditions of both 
minimal slopes in the diagnostic plots and small difference be- 
tween photometric and spectroscopic temperatures. 
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However, there is a strong correlation between excitation po- 
tential and equivalent width, in the sense that the majority of the 
weak lines have high excitation potential, and most of the strong 
lines have low excitation potentials. Therefore, T e ff and v, can- 
not be determined independently from each other. To a certain 
degree, it is possible to compensate for an uncertainty in one pa- 
rameter by modifying the other. AT e yy=150K is the maximum 
variation in effective temperature that could still lead to an ac- 
ceptable solution, and Av,= 0.2km/s is the corresponding change 
in microturbulence velocity keeping the slopes between abun- 
dance and equivalent width or excitation potential to zero within 
2 a-. 



4. Determination of abundances 

Our line list ( s hown i n Table [7l> combines t he co mpilation of 
IShetrone etail d2003l) . iFrancois et alj d2007l) and ICavrel et alj 
(120041) . The solar abundances of lAnders & Grevessd ( 1989) are 
adopted, with the exception of C, Ti, and Fe dGrevesse & Sauval 
[1991 . In the following all abundances, including those of the 
comparison samples, are scaled to these solar values. All abun- 
dances are listed in Table [8] and they were derived from the 
equivalent widths, with the exception of those marked in Table[7] 



4.1. The influence of scattering 

The color-magnitude diagrams in Fig.|2]show that the stars from 
our sample are located close to the tip of the RGB. Thus, at low 
metallicity and low temperature, a proper treatment of contin- 
uum scattering in the stellar atmosphere is mandatory. 

Our standard line formation code, calrai, treats contin- 
uum scattering as if it were absorption in the source function, 
i.e., S v = By, an approximation that is valid at long wave- 
lengths. In the blue, however, the scattering term must be ex- 
plicitly taken into a ccount: S v = (k y x B v + cr v x J v )I(k v + cr v ). 
ICavrel et alJ {2004) have shown that the ratio ctIk in the contin- 
uum is 5.2 at A = 350 nm, whereas it is only 0.08 at A = 500 nm, 
for t v =1 and a giant star with T e ff = 4600 K, log g = 1.0, and 
[Fe/Hl = -3. Therefo re, we used the code turbospectrum 
(lAlvarez&Plezlll998h . which includes the proper treatment of 
scattering in the source function, to correct our original calrai 
abundances. 

Figure [3] illustrates how scattering influences the abun- 
dances. All calculations are done with turbospectrum. In 
the lower panel, we plot the differences in abundances between 
those derived assuming a pure absorption source function and 
those explicitly including a scattering term. Abundances tend 
to be overestimated when scattering is not properly taken into 
account, and the main driver of the scattering effect is the line 
wavelength. In addition, the lower the gravity, the larger the ef- 
fect of continuum scattering. There is also mild evidence that the 
higher the excitation potential of the lines, the larger the differ- 
ences between the abundance estimates. This is a consequence 
of the increase in formation depth of the lines. In conclusion, 
the corrections for some of our stars can be large because of the 
combined effects of being very metal poor and high up on the 
RGB (luminous and cool). The upper panel in Fig.[3]shows, with 
the example of [Fel/H], that when scattering is properly treated, 
no spurious wavelength dependence remains. The larger disper- 
sion at bluer wavelengths arises from lower signal-to-noise ratio 
spectra in this domain. 

To avoid any bias in the effective temperatures, we did not 
consider the iron lines at short wavelengths, because they have 
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Fig. 3. Lower panel: The differences in abundances derived 
assuming a pure absorption source function and when a scat- 
tering term is introduced. All calculations are done with 
turbospectrum. All lines are considered and are shown at 
their wavelengths. Black points trace Fnx05-42 , blue stands for 
the 2 Sextans stars, red for Scl07-49 and green for Scl07-50. 
Upper panel: [Fel/H] when scattering is properly taken into ac- 
count. There is no trend of abundance with wavelength, while 
there was a clear increase at bluer wavelengths before correc- 
tion. 



large scattering corrections, but instead restricted our analy- 
ses to iron lines at A > 4800. The only exception to this rule 
is Scl07-050, for which we could detect only around 10 lines 
with A > 4800. Therefore we used the blue lines as well for 
the sake of better statistics. However, as Fig.[3]shows, Scl07-050 
has the smallest influence of scattering, never exceeding 0.2 dex, 
even at the lowest wavelengths. We estimated that the bias in the 
slopes of iron abundances vs. excitation potentials causes errors 
in effective temperatures of no more than 30K. This is negligible 
compared to the uncertainties given in Table[5] 

In summary, our method has been the following: calrai 
was used to determine the stellar atmospheric parameters. These 
parameters were kept unchanged. The abundances were cor- 
rected line-by-line using turbospectrum in two modes: (i) 
treating continuum scattering as if it were absorption in the 
source function, (ii) with a proper scattering term in the source 
function. The difference between the two outputs was then ap- 
plied to the calrai abundances. The corrections are listed in 
Table |3 

4.2. Errors 

The errors given in Tableland shown in the figures were derived 
in the following way: Although we used splot to measure the 
line equivalent widths, we used the error estimates of DAOSPEC, 
which provide the uncertainty in equivalent width, AE W, derived 
from the residual of the Gaussian fit. This includes the uncertain- 
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ties in the placement of the continuum. We propagated this AEW 
throughout the abundance determination process, thus providing 
for each line 6dao, the abundance uncertainty corresponding to 
EW ± AEW. The abundance uncertainty is not necessarily sym- 
metric, and in all cases we adopted the largest one. For the lines 
for which abundances were determined from synthetic spectra, 
8dao was estimated from the range of abundances for which a 
good fit of the observed line profile could be achieved. For the 
abundance of elements measured from more than one line, the 
mean abundance and dispersion (cr(X)) were computed, weight- 
ing the lines by l/d 2 DA0 - The corresponding error on the mean, 
8a-, is given as ^ffl, where Ny is the number of lines used to 
determine the abundance of element X. In order to avoid arti- 
ficially small errors due to low number statistics when too few 
lines were available to measure a robust cr(X), we took as a min- 
imum for cr(X), the dispersion of Fe abundances and assumed 



make sure that their abundances were not affected by the H line 
wings. 

(iii) Very weak or strong lines: 

The equivalent widths were determined from Gaussian fits 
to the line profile. However, for strong lines ( > 250 m), this 
might not give correct results due to the presence of significant 
wings. Similarly, if lines are too weak and narrow ( < 20 m), the 
line profile may deviate from a Gaussian shape and therefore a 
Gaussian fit can be incorrect. Thus, for elements for which only 
very weak or very strong lines were available, abundances were 
determined from spectral synthesis: the two sodium resonance 
lines of Sex24-72 at 5889.97 and 5895.92 (the uncertainty in 
[Na/H] derived from the line at 5889.97 was much larger than 
0.5 dex, therefore only the other line is used here) and the very 
weak yttrium line in Sex 1 1-04. 



ajFe) 

Va5 



as the smallest possible error value. The final error 5. Results 



in [X/H] is then max {6dao, ^o-, Sfb)- To get the error in [X/Fe], 
the uncertainty of [Fe/H] was added in quadrature. 

The considerations above do not contain errors due to uncer- 
tainties in the atmospheric parameters. As explained in Sect. [3j 
there is a strong correlation between micro-turbulence velocity 
and effective temperature. Therefore we give errors as a combi- 
nation of AT and Av m , e . The error boundaries reflect the param- 
eter range for which the slopes of both diagnostic plots (excita- 
tion potential and equivalent widths versus iron abundance) can 
be brought close to zero. 

4.3. Abundances not based on equivalent widths 

Some of the lines, primarily in the blue, gave uncertainties of 
0.5 dex or more. The reasons for this are manifold: extremely 
strong lines (~ 300m), large residuals of the Gaussian fit be- 
cause of low S/N, problems of continuum placement (caused by 
low S/N or broad absorption bands in the vicinity), very strong 
blends. Whenever possible, we did not use these lines and used 
instead those in the red part of the spectrum. For the elements for 
which this strategy could not be adopted, the abundances were 
determined from synthetic spectra: 

(i) Hyperflne structure: 

The abundances of barium, cobalt, manganese, and scan- 
dium from the red lines were determined from spectral syn- 
thesis, in order to consider hyperfine splitting of the lines. 
The atomic data of the hyperfine components were taken from 
Prochaskaet al. (2000) and, if no data were given there, from 
Kurucz databas^J. For the three blue fines of scandium at 
4246.82, 43 14.08, and 4400.39 no hfs data were available, hence 
we did not correct the abundances. 

(ii) Blends: 

If there were significant blends, the abundances were derived 
from synthesis to correct for the contribution of these blends. 
The silicon and aluminum lines of Sex24-72 were blended by 
molecular bands, the Al line at 3944.01 and the Si line at 3905.52 
were not used at all, since the blends were too strong. The 
chromium abundance of the line at 5208.42 was larger than 
the abundances derived from the other lines by 0.3-0.5 dex in 
all stars. The synthetic spectra revealed the presence of an iron 
blend. After taking this into consideration, the abundance of the 
5208.42 line agreed well with the other chromium lines. The 
abundances of two magnesium lines, which lie close to a strong 
hydrogen line at 3835.38 , were determined with synthesis, to 



5.1. Comparison samples 

We compare our results with high-resolution spectroscopic anal- 
yses of RGBs with [Fe/Hl < -2.5 i n the Milky Way halo 
dCavrel et alJl2004t lCohen et alj|2008t lAoki et alll200l l2Q07h 



http://kurucz.harvard.edu/atoms.html 



ICohen et alJ l2Q06fc lLai et alJ l2008t iHonda et alJ fcOolT and in 
faint (Ursa Majotil and Coma Berenices, Bootes I, Leo IV) 
and classical (Sexta ns, Draco, Fornax, C arina, Sculptor) dSphs 
dLetarte et alJl2010t [Shetrone et a"i]l200lt iFulbright et al.l [2004: 
i Koch et alJ |2008a|: bohen & Huand l2Q09t lAoki et alJ I2OO9I: 
iNorris et aUboiOt lsimon et alJ^OlOtlFrebel et al.ll2010blal) . We 
distinguish between unmixed and mixed RGBs in order to be 
able to draw a reliable comparison sample for the elements that 
are sensitive to mixing. The term "mixed" refers to stars for 
which the material from deep layers, where carbon is converted 
into nitrogen, has been brought to the surface during previous 
mixing episodes. Mixing has occurred between the atmosphere 
of RGB stars and the H-burning layer w here C is converted into 

N by the CN O cycle dCavrel et alj|2004l). 

Following ISpite et al l d2005l) and lSpite et all d2006l) . we di- 
vide stars into these two categories according to their carbon 
and nitrogen abundances or the ratio between the carbon iso- 
topes 12 C and 13 C, when possible. The criteria are [C/N]< 
-0.6 or log( 12 C/ 13 C)< 1 for mixed stars and [C/N]> -0.6 or 
log( 12 C/ 13 C)> 1 for unmixed ones. Figure [4] presents the logg 
vs T e ff diagram for our comparison sample and the stars ana- 
lyzed in this paper. Mixed stars are generally more evolved and 
are located on the uppe r RGB above the RGB bump luminos- 
ity dGratton et al J 120001) . The lumin osity of the RGB bump de- 
creases with increasing metallicity dFusi Pecci et al.lll990l) . At 
[Fe/H]< -2.5 it is predicted around log j± ~ 2.6 (Spi te et alJ 
2006, N. Lagarde & C. Charbonnel, private communication). 
None of our dSph stars have N abundances, therefore, we rely 
on their location at the top of the logg vs T e yy diagram to con- 
clude that they are indeed mixed stars. 

The abundances of our comparison sample have been 
derived using plane-parallel atmospheric models. We have 
run calrai with plane-parallel atmospheric models 
dGusta fsson et al] 1 1975b on our sample stars. The effective 
temperatures were changed by less than 100K. There was 
no systematic shift in abundances. The mean differences in 
abundances ([M/H]) derived in pp and sp models are well within 
the observational errors: 0.04 dex (std =0.04) for Sex24-72, 0.02 
dex (std=0.09) for Sexll-04, 0.005 dex (std =0.13) for Fnx05- 
42, -0.038 (std=0.05) for Scl07-49, and 0.005 (std=0.017) 
for Scl07-50. Similarly, the abundance ratios were modified 
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Fig. 4. DART dSph targets are in color: Sextans(Green) 
Scl(Blue) Fnx (Red). Large triangles identify the 5 stars ana- 
lyzed here, while small triangles indicate s t ars in earlier publica- 
tions dLetarte et al|2010UAoki et al.ll2009UShetrone et al.ll200lt 
iFrebel et al.ll2010al). Open squares : UF Ds , Carina and Draco 
dFulbright et al.ll2004 Koch et al.ll2008allb1: [Frebel et al.l l2010b: 
ICohen & Huang) l2009t iNorris et alJ 1201ft Isimon et alJ l2010h . 
The Milky Way halo stars are represented by circles; open circles 
are unmixed RGBs and fi ll ed circles mixed RGBs dCavrel et alJ 



2004 ICohen et al.1 120081: IXoki et al.1 l2005t ISnite et all 12 005 ; 
Aoki et al. 20071: ICohen et al.l2006tlLai et al.ll2008l:lHonda et al.l 
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Fig. 5. The comparison of the equivalent widths of Scl05- 
50 ([Fe/H]=-3.96) and the Milky Way halo star CD-38 245 
([Fe/H]=-4.19). The dashed lined follows the mean ~ 20m dif- 
ference between the equivalent widths of the two stars. 



by 0.005 dex (std =0.04) for Sex24-72, -0.05 dex (std=0.09) 
for Sexll-04, -0.03 dex (std =0.13) for Fnx05-42, -0.002 
(std=0.05) for Scl07-49, and -0.003 (std=0.018) for Scl07-50. 
As a conclusion, samples can be safely inter-compared. 

5.2. Iron 

Our results place all our sample stars at [Fe/H] < — 3 and three 
stars below [Fe/H] ~ -3.5. This constitutes the first clear ev- 
idence that likely all classical dSphs contain extremely metal- 
poor stars. 

While the detailed abundances of our sample stars are pre- 
sented here after full analysis, the existence of Scl07-50 and 
other EMPS in class ical dSphs was already reported earlier dHilll 
l20HlTolstovl20Tol) . Scl07-50 at [Fe/H]=-3.96±0.10is the most 
metal-poor star ever observed in an external galaxy, but more 
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Fig. 6. Comparison for our sample stars between [Fe/H] from 
high resolution UVES measu rements ([Fe/HlHfl) an d that from 
the CaT with the calibration of Battagli a et al J d2008l) ([Fe/H]^), 
as filled circles. For Sex24-72 HET/HRS spectroscopy at R~ 
18000 is used because CaT data are not available. Blue stands 
for the Sculptor's stars, red for the Fornax' star, and green is for 
Sextans's ones. The CaT metallicity determined with the new 
calibration of Starkenburg et al. (2010) for low metallicities are 
shown as open circles. Crosses provide the same comparison at 
[Fe/H] > -2.5, where the classical (old) CaT calibration is ro- 
bust. 



fundamentally, it considerably revises the metallicity floor of 
dSphs, setting it at comparable level with the Milky-Way. Figure 
|5]compares the equivalent widths of CD-38 245 and Scl07-50, 
which have very similar atmospheric parameters. The lines of 
CD-38 245 are on average ~ 20m weaker, corresponding to the 
~0.2dex difference in metallicity between the two stars. 

In Fig. [6] our UVES high-resolution [Fe/H] values are com- 
pared to the FLAMES LR [ Fe/H] estimates deriv ed from the 
CaT ( (with the calibration of iBattaglia et alJl2008h for Sexll- 
04, Fnx05-42, Scl07-49 and Scl07-50 and from R~ 18000 spec- 
troscopy at the HET for Sex24-72. 

It is obvious that for [Fe/H] < - 2.5, the traditional method 
based on the CaT absorption features predicts a metallicity that 
is too high. The underlying physical reasons for this has recently 
been explained by Starkenburg et al. (2010), who show that it 
reflects the change of the profile of the CaT lines, from wing- 
dominated to core dominated as the metallicity drops. They 
provide a new calibration which is valid down to [Fe/H]=-4. 
Figure|6]indicate with arrows the corresponding new CaT metal- 
licities for stars of the present sample. 

5.3. Carbon 

Carbon abundances were determined from synthesis of the CH 
molecular bands in the blue part of the spectrum. As an example, 
Fig.|7]shows the synthesis of the CH band at 4323 for Sex24-72. 
Because calrai does not include molecular bands, the syn- 
thetic spectra were calcu lated with turbos pectrum using the 
same CH line list as in ICavrel et al.l (|2004). The carbon abun- 
dances are sensitive to the assumed oxygen abundances through 
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Fig. 7. Synthesis of the molecular CH band at 4323 of Sex24-72. 
The crosses are the observed spectrum, the red line corresponds 
to the synthetic spectrum with [C/Fe] = 0.0, the green lines are 
for [C/Fe] = +0.5, the blue line is for [C/Fe] = 1.0, and the black 
line for the complete absence of C. 



the locking of C into the CO molecule. We only have upper lim- 
its for oxygen, hence we used Mg as an indicator of the oxygen 
abundance, assuming [0/H]=[Mg/H]. Increasing by +0.2 dex the 
adopted [O/Fe] translates into a maximum increase of +0.05 of 
the derived C abundance (the exact dependence is a function of 
the absolute C/O ratio in the star). This uncertainty is negligi- 
ble with respect to the errors on the fits to the data in combina- 
tion with a poor signal-to-noise ratio and uncertainties associated 
with the molecular lines' oscillator strengths. 

Figure [8] shows [C/Fe] as a function of the stellar metallic- 
ity and luminosity for our sample stars, drawing a comparison 
with the Milky Way halo, Draco, Bootes I, Ursa Major II and 
Coma Berenices EMPS. The [C/Fe] does not depend on metal - 
licity. The bolometric luminosities are derived from the gravities 
and effective temperatures, assuming a mass of M — 0.8vV(o 
for all stars. The first clear result is that none of our stars is C- 
rich in the classical sense ([C/Fe]>l). All but one star, Sex24- 
72, have [C/Fe] < as expected for their tip-RGB luminosities 
dSpiteetal.ll2005h . The onset of the extra mixing (dp) lies at 
log j?- = 1.2 for a 0.8 M star. lEggleton et al.1 (120081) also show 
a metallicity dependence of the luminosity at the onset of the 

r 

mixing, increasing from log ^ = 1 -4 to 2.4 for metallicity pass- 
ing from 0.02 (solar) to 0.0001 (-2.3). An independent evidence 
confirming that our sample stars have experienced thermohaline 
convection comes from the low ratio I2 C/ 13 C=6^j, that we mea- 
sure in Sex24-72 , the most C-rich star of our sample, in which 
thi s can be done dSoite et al.ll2006l) . 

lAokietal] (120071) argued that given that mixing on the RGB 
and extra mixing at the tip of the RGB lower the surface abun- 
dance of carbon in late-type stars compared to their earlier 
stage of evolution, the definition of carbon-enriched EMP stars 
(CEMPS) should depend on the stellar luminosity. Hence, for 
log y~ > 3, a giant star would be considered CEMPS for 
[C/Fe]> 0. Applying this criterion, one Sextans star of our sam- 
ple, Sex2 4-72 with [C / Fe]= 4 + 19 , is carbon enhanced . 

Both iFrebel et alj d2010bl) and ICohen & Huang d2009l) re- 
ported si milar cases i n Ursa Major II and in Draco. We 
note that IFrebelet all d2010bl) measure [C/Fe]=-0 07 ± 0.15 
for HD 122563, which they use as reference, while ISpite et aTl 
(2005) calculated [C/Fe]=-0.47 ± 0.11 for the same star. Part 




Fig. 8. DART dSph targets are in colored triangles : 
Sextans(Green) Scl(Blue) Fnx (Red). Other symbols are 
squares (Ursa Majorll ), triangles (Coma Berenices), diamonds 
(Draco), star (Bootes) fF ulbright et al. 200 4 iKoch et alj |2008a; 
IFrebel et alJ l2010b: Co hen & Huandl2009UNorris et al.ll2{)lol) . 
Only mixed Milky Way halo stars (black dots) are consid- 
ered dCavrel et all [20041; ICohen et al.1 120081: iHonda et alj|2004t 
lAoki et al.ll2005L l2007t ICohen et al.ll2006t lLai et al.ll2008h . The 
dashed line delineates the regions in which they are observed. 



of this apparent discrepancy results from differences in the C 
and Fe solar abundances, which induces a 0.08 dex shift. Frebel 
et al [C/Fe]= -0.15 + 0.15 in Spite et al.'s scale. The effective 
temperature difference between the two studies (100K) cann ot 
explain the difference. Indeed, increasing lFrebel et alj d201 0b)'s 
T e ff by this amount would actually increase [C/Fe] by +0.07 
dex and lead to an even l arger discrepancy. Taking the same at- 
mospheric parameters as Sp ite et al.l d2005) for HD122563, but 
using spherical models as we do for the dSph stars, we derived 
[C/Fe]=-0.6 + 0.13. Taking into account the 0.03dex difference 
in the C and Fe solar abundances between the two works, our 
abundance ratio is -0.57 + 0.13 in Spite et al. scale, i.e.,. fully 
compatible. Moreover, we checked that this O.ldex difference 
was entirely caused by passing from pp to sp models. 

An immediate consequence of the checking result on 
HD 122563 is that Sex24-72 is definitely carbon-rich (since we 
seem to tend to have low carbon abundances). Another conse- 
quence is to attribute a maximum uncertainty of ~0.3 dex in the 
carbon abundances of Frebel et al. (2010). Shifting all of their 
[C/Fe] values downward by this amount does not change their 
identification of a C-rich star in Ursa Major II. 

The origin and nature of these moderately enhanced car- 
bon stars in dSphs and ultra faint dwarfs (UFDs) is in- 
triguing, because they are not observed in our Galaxy. Mass 
transfer by a companion AGB is an unlikely hypothesis: we 
would expect a higher [C/Fe] than is observed at these very 
low metallicities, because low metallicity AGBs tend to pro- 
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duce more carbon than metal-rich ones dCristallo et al. 2009; 
iBisterzo et al.l2010tlSuda & Fuiimotol2010HKarakasl2010l) . and 
because the efficiency of carbon- depletion is significantly re- 
duced in these carbon-rich stars ( De nissenkov & Pinsonneaultl 
2008; Stancli ffeetalJ 120091) . This is often accompanied by an 
increase in magnesium abundance, while Sex24-72 [Mg/Fe] is 
not high. All this suggests a pristine carbon enrichment. Another 
piece of evidence is the very low [Ba/H] of the stars with [C/Fe] 
> 0. A vast majority of Milky Way carbon-rich stars are also 
over-abundant in barium, hence one woul d expect that the C- 
rich stars would also be Ba-rich (e.g. Beers & Christliebll2005t 
lAokietal.ll2007l) . 

Our two stars in Sextans are located very close to each other 
in the HR diagram, share the same metallicity, and for most of 
the other elements have the same abundance ratios. C appears 
to be a significant exception and probably requires primordial 
C inhomogeneities. We note that this dispersion in [C/Fe] has 
so far only been se en in low-luminosity dSphs. Simulations of 
iRevaz et"al] (120091) suggest that these small systems are prone 
to significant dispersion in elemental abundances, as a conse- 
quence of their sensitivity to feedback/cool i ng pr ocesses during 
their star formation histories. iMevnet et alJ d2006h show that ro- 
tating massive stars can loose a large amount of carbon enhanced 
material. When these ejecta are diluted with supernovae ejecta, 
the [C/Fe] abundance ratios are very similar to those observed in 
CEMPs. This mechanism for the very early production of signif- 
icant amounts of carbon together with classical abundances for 
the other elements, should be more easy to detect in low-mass 
dSphs than in higher mass systems, owing to poor mixing in the 
early phases of star formation. Clearly larger samples of stars are 
needed to cover the entire mass range of the dSph galaxies and 
properly test this hypothesis. 

We note that the dispersion in [C/Fe] (1.4 dex) among 
Sextans stars with similar luminosities echoes the spread in 
abundances of other elements for this galaxy. This does not im- 
ply that this dispersion is the rule in other dSphs, in particular 
when they experience very different star formation histories. We 
note however that star-to-star variation in carbon is also seen 
in Draco. This is in contrast to the homogeneity seen in other 
elements, implying a specific process leading to the spread in 
carbon. 



5.4. Oxygen 

None of the forbidden lines at 6300 and 6363 could be detected, 
hence only upper limits could be derived. For the two Sculptor 
stars these limits were clearly above [O/Fe] > - 2.0 and conse- 
quently disregarded. The upper limits for the other stars can be 
found in Table [8] 



5.5. The even-Z elements 
5.5.1 . Abundances 

The Mg abundances were generally determined from the lines in 
the red part of the spectrum, at 5172, 5183, and 5528. In the case 
of Scl07-050, two blue lines at 3829 and 3832 were available as 
well. These lines are in the region that is affected by continuum 
scattering and close to the strong H 3835 line, whose wings in- 
fluence the continuum. Therefore we did spectral synthesis for 
these two blue lines. 

For Si, two blue lines at 3905.5 and 4102.9 could be used 
in principle for all stars. However, for the most C-rich star 
in our sample, Sex24-72, synthesis showed that both lines are 



[Fe/H] 

Fig. 9. DART dSph targets are in colored triangles : 
Sextans(Green) Scl(Blue) Fnx (Red). Large symbols stand for 
the sample stars of this work, small ones stan d for earlier 
work s and publica t ions (H i ll et al., in prep ; iLetarte et al 
2010; iFrebel et all 1201 Oat lAoki et al.1 l2009t IShetrone et a" 
2001). Other symbols are squares ( Ursa Major ll, Frebe l et al 
d2010bl) ). triangl es (Coma Berenices. IFrebel et alJ (120 10b)), di- 
amonds (Draco, IShetrone et al.1 d2001l) ; iFulbright et al.l l2004); 
ICohen & Huand d2009l)), star (Bo o tes. iNorris et all (l201of ). 



cross (Carina, Shetrone et al. (20 03J); iKoch et al. (2008a)), and 
circle (Leo IV. ISimon et all d2010l) ). All Milky Way halo 
stars from our compa rison sample are cons idered (black dots) 
I Cavrel et al.1 (120041); iHondaet alJ (12004; lAoki et al.1 d2005l 
120071) ; ICohen et al.l d2006t 120081); lLai etall (120081) . For the pur- 
pose of this figure. iVenn et al.l d2004l) 's compilation was added 
at [Fe/H]> -2.5. 



blended by molecular bands. The 3905.5 even vanishes com- 
pletely within a strong molecular line and can therefore not be 
used. Hence, for the two Sextans stars and Fnx05-42, we only 
used the 4102.9 line. For Scl07-050, only the line at 3905 is 
used, since the other one is too weak to be detected. We miss the 
blue part of Scl07-049 spectrum, therefore we could only get an 
upper limit for from the extremely weak red line at 5684.52 . 

The Ca abundance is generally derived from the six lines at 
5589, 5857, 6103, 5122, 6162, and 6439, or from a subset of 
these six lines for the stars with lower Ca abundances. However, 
for Scl07-050, none of these six lines was detectable. Therefore 
its Ca abundance is based on only one blue line at 4227. This 
line is not considered for the other stars, since it is in the very 
low S/N region. This line is a resonance line and very sensitive 
to NLTE effect as reflected by the suspiciously low [Ca/Fe] of 
Scl07-050, which does not reflect the abundance ratios of the 
other (T-elements for this star. 

The Til abundances were determined from three to seven 
lines in the red part of the spectra for all stars with the excep- 
tion of Scl07-050, for which no Til line could be detected at all. 
For this star an upper limit for [Til/Fe] of +0.35 dex is derived 
from the line at 498 1 . Generally all Til lines are very weak, with 
a large fraction of lines having equivalent widths between 20m 
and 40m. The Till abundances were mainly derived from three to 
seven red lines. Most of the blue lines had to be disregarded be- 
cause of too low S/N. The few blue lines that were not removed 
gave abundances very close to the ones determined from the red 
lines. Again, Scl07-50 is an exception, since no red line of Till 
could be detected. Hence, its Till abundance is based on its nine 
blue lines. 
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5.5.2. Analysis 

Figure [9] presents [Mg/Fe] as a function of [Fe/H] for all dSph 
galaxies for which very metal poor and/or extremely metal poor 
stars have been found and abundances measured based on high- 
resolution spectroscopy. It extends the metallicity range covered 
up to [Fe/H]=0 in order to include the full chemical evolution of 
the dSph galaxies and make a clear comparison with the Milky 
Way. Our choice of magnesium was driven because it is the most 
extensively me asured g-element. We i ncluded the abundance ra- 
tios derived by IShetrone et al.1 (l2003h in C arina at [Fe/H]> -2 
and those compiled by IVenn et al. r T2004 in the Galactic halo 
for [Fe/H] > -2.5. 

From the faintest UFDs to the most luminous of the classi- 
cal dSphs and to the Milky Way, Figure [9] samples nearly the 
full range of dwarf galaxy masses, allowing common as well 
as distinct features to be uncovered. Below [Fe/H] 3, galax- 
ies are essentially indistinguishable. This means that the very 
first stages of star formation in galaxies have universal prop- 
erties, both in terms of nucleosynthesis in massive stars and 
physica l conditions triggerin g s tar formation . This w as also fore- 
seen bv lFrebel et"aTI d2010bB : ISimon et al.1 d2010h . Conversely, 
at [Fe/H]^ -2 galaxies have clearly imprinted the peculiari- 
ties of their star formation histories in their abundance ratios: 
the explosions of Type la supernovae (SNe la) occur at lower 
glob al enrichment in iro n for lower star formation efficiency (see 
also lTolstov et~ai]|2 009). In between these two extremes, at least 



one galaxy, Sextans, shows signs of inhomogeneous interstellar 
medium, revealed by the dispersion in [Mg/Fe] for stars of sim- 
ilar [Fe/H]. Although solar [Mg/Fe] are observed in Milky Way 
halo very metal-poor stars, their fraction over the tot al number 
of obs erved stars is significantly larger in Sextans. Aok i et al.l 
(2009) attributes the origin o f low [Mg/Fe] as li kely due to low- 
mass type II supernovae, but Reva z et aD (12009) show that even 
as low as [Fe/H]~ -2.7, SNe la would have time to explode. 
Only larger samples will be able to solve this matter. 

While magnesium is produced in hydrostatic nuclear burning 
phase in Type II SN progenitors, the synthesis of silicon to cal- 
cium comes partly from the presupernova explosion but is also 
augmented by an im portant contribution from explosive oxygen 
burning in the shock dWooslev & Weaverll986l) . [Si/Fe], [Ti/Fe], 
[Ca/Fe] are shown in Fig.[l0]and hardly display any differences 
from [Mg/Fe] in the same metallicity range, once the uncertain- 
ties discussed in Section l5.5.1l are considered. This confirms the 
homogeneity in massive star products of the extremely metal 
poor stars in all galaxies. 




Fig. 10. Variation of the a elements with [Fe/H]. Symbols are as 
in Fig. i 



Fig. 11. Upper panel: The [Na/Fe] versus [Fe/H] relation in LTE 
calculations. Middle panel: The relation between sodium, cor- 
rected for NLTE effects, and iron abundances. Lower panel: The 
relation between sodium corrected for NLTE effects, and mag- 
nesium as function of [Fe/H]. In the three panels, the symbols 
are as in Fig|9] 



Tafelmeyer et al.: Extremely metal-poor stars in classical dSphs 



11 



5.6. The odd-Z elements 

5.6.1. Abundances 

Both sodium and aluminum abundances are based on strong 
resonance lines. The D lines at at 5890 and 5896 were used 
for Na, the two lines at 3944 and 3961 for Al. The equivalent 
widths of Table [7] were used for all stars, except Sex24-72 (see 
Section l4~3l ). The scandium abundance of Scl07-50 was derived 
from the two lines at 4247 and 4314, since none of the other 
lines of Table|7]could be detected for this star. For the other stars 
the two lines at 5031 and 5527 were used, except for Fnx05- 
42, where only the line at 5031 could be seen. We also used 
the lines from the blue part with lower S/N for confirmation. 
After hyperfine structure and scattering corrections the scandium 
abundances derived from the blue lines and the 503 1 line respec- 
tively, agreed within the errors. 

5.6.2. NLTE Effects 

Both Na lines used here are resonance lines, they are 
consequently very sensitive to NLTE effects. Following 
iBaumueller et alJ (119981) . ICavrel et all d2004h applied a uniform 
correction of -0.5 dex to all stars of their sample. But this did not 
account for a possibl e dependence of NLTE c orrections on atmo- 
spheric parameters. lAndrievskv et al.l (120071) calculated NLTE 
corrections for a grid of parameters ranging from -2.5 to -4.0 
in metallicity, 4500 K to 6350 K in effective temperature and 
0.8 to 4.1 in logg (see their Table 2). They app lied their results 
to th e samples of giant an d turnoff stars of ICavrel et alJ {2004) 
and lBonifacio et aD (120061) . We employed their grid using linear 
interpolations in temperatures and metallicities to estimate the 
NLTE corrections both for our sample stars and our comparison 
sample. We calculated the errors on these interpolated correc- 
tions as the difference between our values and the ones provided 
by the closest points in the grid. 

The NLTE corrections for a given set o f atmospheric pa- 
ramete rs also depend on the line strength. Andrievskv et alJ 
(120071) values are therefore only accurate for the given refer- 
ence equivalent widths. For measured equivalent widths that are 
significantly different from the reference val ues, we modified 
our NL TE corrections according to Fig. 3 of Andri evskv et alJ 
d2007l) . The Na equivalent widths of Sexll-04 and Sex24-72 
ar e more than 50 m stro nger than the highest value covered 
bv lAndrievskv et all d2007l) . leading to widely uncertain correc- 
tions. Therefore we did not consider them. For the same reason, 
some of the stars in our comparison sample had to be excluded. 
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Fig. 12. Relation between aluminum and iron. Symbols as in 
Fig! 



Figure QT| displays [Na/Fe^^^ and [Na^T-g/Mg] as func- 
tions of metallicity. The error bars correspond to the quadratic 
sum of the errors given in Table [8] and the errors in the NLTE 
corrections mentioned above. 

Just as in the analysis of sodium, only the resonance lines 
of aluminum can be detected at low metallic i ties, a nd they are 
affected by NLTE effects. Andrievsk veTall (|2008) calculated 
NLTE corrections for Al in giants, but for temperatures above 
4700 K, implying an extrapolation by up to almost 500 K for 
some of our stars. Furthermore while they mentioned the depen- 
dence of the NLTE corrections on line strength, unfortunately 
they did not give explicit values. Because NLTE corrections of 
our Al abundances are too uncertain, we kept the LTE values in 
Figure [T2l 

5.6.3. Analysis 

The production of aluminum and sodium is assumed to be 
bimodal. At low metallicities, in the absence of heavy ele- 
ments, aluminum is the product of Ne burning in massive 
stars during their RGB phase, with a very small contribution 
of C burning, whereas sodium is mainly produced through C 
burning. These primary processes are onl y based on the 12 C 
produ ction during the He-burning phase (Wooslev & Weaver! 
119951) . It is therefore expected that both [Al/Fe] and [Na/Fe] 
are constant with [Fe/H]. In metal-rich environments however, 
with a sufficient amount of neutron rich elements that might 
act as neutron donors, the yields of Al and Na depend on 
the neutron excess an d their abundances are e x pected to be 
metal li city dependent (| Wooslev & Weaver! 119951: iGehren et al.l 
120061) . lAndrievskv et al l (120071. 120081) found constant [Na/Fe] 
and [Al/Fe] values of -0.21+0.13 and -0.06+0.10, respectively. 

In the upper panel of Fig. Q~T] we present the results of our 
original LTE calculations for Na. In the middle panel of Fig. QT| 
we show the NLTE values of [Na/Fe] for our EMP stars and the 
comparison sample. The NLTE corrections together with their 
uncertainties are reported in Table [6] Within the errors, dSph 
and Galactic halo stars agree quite well, showing no slope with 
[Fe/H], as expected at these low metallicities. The largest dis- 
crepancies correspond to the largest uncertainties in NLTE cor- 
rections and for the Sextans stars, they have low and dispersed 
abundance ratios, as was also noticed for Mg. Figure QT] shows 
that the dispersion in sodium abundances perfectly reflects the 
dispersion in magnesium in Sextans and confirms that the site of 
production of Na is the same as that of Mg, in dSphs just as in 
our Galaxy halo. 

The LTE abundances of aluminum agree with the halo for 
three of our stars. Only Sexll-04 seems above the bulk of the 
halo distribution. This is spurious however, given its atmospheric 

parameters, i.e. [Fe/H] 3 and very low temperature, the non- 

LTE corrections of this star are expected to be much smaller than 
for the other stars, which should be substantial ly moved upward 
in [Al /Fe] after NLTE corrections (see Fig. 2 of Andrievskv et al.l 
120081 

5. 7. The iron peak elements 
5.7.1 . Abundances 

The Cr abundance of Scl07-050 was determined from three lines 
at 4254, 4275, and 4290. In the other stars, we used the line at 
5208 from the red part of the spectrum and, for the two Sextans 
stars, two additional lines at 5346 and 5410. None of these lines 
could be detected in Scl07-50. The abundance of the 5208 line 
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Tabl e 6. NLTE correcti ons to the sodium D lines according to 
lAndrievskv et al l (120071) . 



Star 


Dl (5889.97) 


D2 (5895.92) 




MW Halo 




BD+23-3130 


-0.56±0.03 


-0.47+0.03 


BS 16080-054 


-0.65±0.2 


-0.60+0.2 


BS16084-160 


-0.55±0.14 


-0.33+0.14 


BS 16550-087 


-0.55+0.21 


-0.30+0.09 


BS 16928-053 


-0.60±0.20 


-0.53+0.20 


CS303 12-059 


-0.53±0.18 


-0.32+0.12 


HE0 132-2429 


-0.13±0.07 


-0.11+0.06 


HE1347-1025 


-0.13±0.07 


-0.11+0.06 


HE1356-0622 


-0.56+0.21 


-0.45+0.21 


HE1424-0241 


-0.06+0.02 


-0.06+0.02 


BS 16467-062 


-0.11+0.07 


-0.08+0.04 


BS 16929-005 


-0.31+0.10 


-0.22+0.08 




Comparison dwarf ga 


laxies 


UMall-Sl 


-0.49+0.11 


-0.36+0.11 


UMa II-S2 


-0.50+0.17 


-0.37+0.17 


ComBer-S2 


-0.52+0.13 


-0.49+0.13 


ComBer-S3 


-0.30+0.25 


-0.30+0.26 


Boo- 11 37 


-0.27+0.11 


-0.16+0.08 


Draco-3157 


-0.10+0.40 


-0.15+0.40 


Draco- 19219 


-0.75+0.30 


-0.67+0.15 


Draco- 19629 


-0.20+0.36 


-0.34+0.15 


S10-14 


-0.52+0.10 


-0.30+0.20 


Sll-13 


-0.55+0.11 


-0.53+0.06 


Sll-37 


-0.58+0.12 


-0.52+0.07 


S 12-28 


-0.56+0.09 


-0.53+0.09 


S 14-98 


-0.61+0.09 


-0.60+0.13 


S15-19 


-0.68+0.11 


-0.59+0.14 




This work 




Scl07-50 


-0.21+0.08 


-0.13+0.05 


Fnx05-42 


-0.80+0.32 


-0.60+0.32 


Scl07-49 


-0.65+0.26 


-0.50+0.26 



was derived from spectral synthesis, in order to correct for a 
blending line. 

The manganese abundance of the two Sextans stars was de- 
termined from the line at 4824, which was not detected in the 
other stars. In Fnx05-42 we used two resonance lines of the 
triplet at ~4030. In Scl07-50, we could use the third line as well. 
We did not use the resonance lines for the Sextans stars, since 
the uncertainties of derived abundances were too high. 

The Co abundances were determined, when possible, from 
the three lines at 3995 ,4119, and 4121 . 

The nickel abundance of Scl07-50 was derived from two 
lines at 3807 and 3858 . These lines yielded very large er- 
rors (>0.5 dex) for all the other stars and were therefore not 
considered. An exception was the line at 3858 of Fnx05-042, 
which had somewhat smaller errors (+0.2-0.3 dex). The line at 
5477 was detected in all stars, except Scl07-50. For Fnx05-42 
the abundances of the blue and the red line agreed very well. 



5.7.2. NLTE Effects 

Several recent publications showed clear evidence for the pres- 
ence of NLTE effects in the abundances of the iron peak ele- 
ments. The most important ones were an offset in Mn abundance 
when derived from the resonance triplet at 4030, (Cavre l et al.l 
l2004ULai et al.l2008[). a trend in TCr l/Fel with metallicity and ef- 
fective temperature (lLai et al.ll2008 | ). a nd a deviation of Cr from 
ionization balance dSobeck et al.l2007T) . a s well as a difference o f 
[CrI/Fe] between turnoff and giant stars (Bonifa cio et alJ l2009). 



On theoretical grou nds, iBergeman n & Gehrenl J2008) and 
Bergemann et al. (2010) calculated NLTE corrections for man- 
ganese and cobalt for a grid of atmospheric parameters and ap- 
plied their results to 17 stars with metallicities between solar and 
[Fe/H] = -3.1. Their model atmospheres have higher tempera- 
tures and gravities than the stars from our sample, however the 
main parameter that controls the magnitude of NLTE effects is 
the metallicity, in the sense that NLTE corrections increase with 
decreasing [Fe/H]. Both [Co/Fs]nlte and [Mn/FejAi/^ are al- 
ways higher compared to their LTE values. The differences can 
be up to 0.9 dex for cobalt and ~0.5 dex for manganese. 

Whereas the LTE abundances show a downturn of [Mn/Fe] 
toward lower metallicities, the NLTE abundances are flat 
with ([Mn/Fe]) ~ -0.1 over the whole metallicity range. 
Unfortunately, no calculations of NLTE effects on [Cr/Fe] ex- 
ist so far. 
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Fig. 13. Iron peak elements. Symbols as in Fig|9] 
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To summarize the above discussion, both observations and 
theory provide very strong evidence for the influence of NLTE 
effects on the abundances of Co, Cr, and Mn. These effects seem 
to be particularly large at lower temperatures, for giant stars and 
when resonance lines of neutral species are used, which are ex- 
actly the conditions we meet with our EMP stars. Therefore it is 
hardly possible to draw any final conclusions from our observed 
abundances, unless exact calculations of NLTE corrections in the 
parameter range 4000 K < T eff < 4800 K, 0.5 < logg < 2.0, and 
-2.5 < [Fe/H] < -4.0 become available. 

With this in mind, the somewhat lower cobalt and manganese 
abundances in Fnx05-042 might be explained considering that it 
has both very low metallicity and very low gravity, whereas the 
other stars from our sample are either slightly higher in metal- 
licity (Sextans) or in surface gravity (Sculptor). 

5.7.3. Analysis 

In the early galaxy evolution, when only massive stars con- 
tribute to the chemical enrichment, Co, Cr, and Mn are produced 
through explosive nucleosynthesis during SN II events. Co is 
produced in the complete Si burning shell, Cr is mainly produced 
in the incomplete Si burning shell, and by a small amount also in 
the complete Si burning region, and Mn is produced exclusively 
in the incomplete Si burning shell. Abundances of these ele- 
ments in the galactic halo show a strong odd-even effect (odd nu- 
clei have lower abundances than the even nuclei), which proves 
to be difficult to be reproduced all at once. V arious attempts have 
been made with standard SN II events (e.g.. lWooslev & Weaver! 
1 19951) . ze ro-metallicity SN II even ts, including pair-instability 
SN Ce.g.. iHeger & Wooslevl 12002). varying the mass-cut (di- 
viding the mass expelled from th at falling back onto the rem- 
nant) (e.g., |Nakamura et al. 1999), hypernovae (i.e. very ener- 
getic SNe, with E > 10 52 erg) or varying the SN explosion en ergy 



(e.g jNakamura et al.ll200UlUmeda & Nomotoll2002ll2005l) . 

The abundances of the iron peak elements are shown in 
Fig. [13] They generally confirm the results obtained by most 
of the previous studies of metal-poor stars in the halo: [Co/Fe] 
is increasing, whereas [Cr/Fe] and [Mn/Fe] are decreasing to- 
ward lower metallicities. [Ni/Fe] is flat over the whole metallic- 
ity range from -2.5 to -4. The dispersion in [Cr/Fe] is spectac- 
ularly small. 

Within the limitation due to the NLTE effects, all very and 
extremely metal-poor stars in systems as different as UFDs and 
the Milky Way, and including the classical dSphs studied here, 
show similar abundance ratios among their iron peak elements. 
This implies that the early enrichment of the galaxy interstellar 
medium with iron peak elements is independent of the environ- 
ment. 

5.8. The heavy elements 
5.8.1 . Abundances 

The 6142 and 6497 barium lines are only detected in the two 
Sextans stars and in Fnx05-42. After spectral synthesis, taking in 
account the hyperfine splitting, the abundances derived from the 
equivalent widths were corrected by -0.07 dex, -0.13 dex, and 
-0.09 dex, for Sexl 1-04, Sex24-72 and Fnx05-42, respectively. 
We could only estimate an upper limit on [Ba/H] for Scl07-049. 
The barium abundance of Scl07-050 is determined from the blue 
line at 4554.03, which cannot be detected for the other stars, 
since it is located in the gap between the blue and the red lower 
CCD chips. Upper limits in [Eu/H] are derived from the region 



around the 4129 line for all stars except Scl07-049. The yttrium 
abundance can only be measured in Sexl 1-04, from its line at 
4884. For the other stars, only upper limits are estimated. The 
strontium abundance was determined from the two resonance 
lines at 4077.7 and 4215.5. In Sex24-72 the latter was heavily 
blended by a CN molecular bands and could not be used. The 
strongest of all Sr lines (at 4077.7 in Fnx05-42) has an equiva- 
lent width of 231m and is therefore in the domain where equiva- 
lent widths might no longer be appropriate. Thus we did spectral 
synthesis in order to derive the Sr abundance from this line. All 
other lines are somewhat weaker, therefore we used their equiv- 
alent widths. For the lines with equivalent widths ~200m how- 
ever, we tested what difference this would make and found that 
the abundances derived from synthesis and equivalent widths 
differed by no more than 0. 1 dex, which is small compared to 
the errors. NLTE effects play a negligible role in our results, be- 
cause the corrections are below 0.1 de x for both Sr and Ba in 
our range of effective temperatures (IShort & Hauschildl [2006 ; 
iMashonkina et alJ2008tlAndrievskv et al.ll2009h . 

5.8.2. Analysis 



lTruranl(ll981h first demonstrated the r-process origin of barium 
in very metal-poor stars. Since then two components have been 
identified: i) the main r-process produces the full range of neu- 
tron capture ele ments; ii) another p rocess called alternatively 
weak r-process (Ishimar u et al.|l2005l) . LEPP (light element pri- 
mary process) (Travagli o et alj|2004l). or CP R (charged particle 
reactions) process (lOian & Wasse rburg 2007) produces mainly 
the light (Z < 56 ) neutron capture elem ents and littl e or no heav- 
ier ones, such as Ba. More recently, iFarouqi et al.l d2009) have 
proposed the superpositions of type II supernovae winds with 
differe nt entropies to reprod uce t he full range of r-pr ocess ele- 
ments. iBarklem et al.l (120051) and IFrancois et al.l d2007l) demon- 
strated the sequential existence of these (at least) two processes 
in the Milky Way halo stars, by showing that the main r-process 
dominates, once the heavy elements have been enriched beyond 

[Ba/H] 2.5. Below this level, another process contributes to 

the enhancements of Sr as well as Y. 

In Fig.[T4]we show the relation between [Ba/Fe] and [Sr/Fe] 
as a function of the metallicity. From our initial comparison sam- 
ple, we only kept the r-process stars ([Ba/Eu]<0) in the [Ba/Fe] 
plot. This required available measurements of the Eu abun- 
dance (lLai et all 120081: IFrancois et all 120071: iHonda et al.ll2004t 
lAoki et al.ll2q05l). S imilarly for the [Fe/H] £ -2. stars in Fornax 
( Letarte et al. 1201 61) and Sculptor (Hill et al., in prep), we re- 
quired [Ba/Eu ]<0. We also i nserte d the sample of Milky Way 
halo stars of Barklem et al . (2005), excluding carbon-rich and 
[Ba/Eu]>0 stars as well. There is no difference between metal- 
poor dwarf and giant stars in Ba abundances (Bonifaci o et al.l 
2009), thus we kept both populations here. We could not dis- 
tinguish between s- and r- process in Sextans, neither for our 
present sample, nor for the UFDs. Draco Ba ab undances of the 
stars a t [Fe/H] > -2.45 are pu re r-process ones (ICohen & H uang 
120091). Finally, we includ ed dShetrone et all 1200 lb Ursa Minor 
and Jshetrone et al.ll2003l) Carina [Ba/Eu]<0 stars. 

All dSph stars at [Fe/H] < -3 in Fig[l4]are located on top of 
or very close to the trend of [Ba/Fe] versus [Fe/H] defined by the 

Galactic halo. Above this metallicity and below [Fe/H] 2., the 

least massive dSph galaxies (here represented by stars in Coma 
Berenices, Ursa Major, Draco) are preferentially found in the 
[Ba/Fe] < regime. Sextans however, like its sibling higher 
mass galaxies Scl and Fnx in the EMP regime, seems to lie 
on the galactic halo trend (and dispersion). At [Fe/H]> -2.5, 
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the smallest dSphs keep very low Ba abundances, while the 
Galactic halo stars have already reduced their dispersion and 
cluster around [Ba/Fe] solar. Carina, Sextans, Draco and even 

Ursa Minor definitely reach [Ba/Fe]~0 at [Fe/H] 2., with lit- 

tle dispersion, while f ainter galaxies, corresponding to My< -8 
dSimon & Gehal20"07l) . do not. This means that among the galax- 
ies that are fainter than Sextans, some will finally increase their 
Ba abundance sufficiently to catch up with the solar Galactic 
halo level. 

Galactic mass is a crucial parameter to sustain the explo- 
sions of supernovae dFerrara & TolstoV 2000), but also to shape 
the homogeneity of the interstellar medium and the fre quency at 
which gas can cool and form stars dRevaz et al J 120091) . In low- 
mass systems gas is expelled easily, while it is retained in more 
massive ones, leading to a more complete chemical evolution 
and homogeneity. Barium is the first chemical element, which 
seems to provide clear evidence for differential early evolution 
of the dSphs depending on their mass. Moreover, Fig[l4] pro- 
vides clues on the site of production of the main r-process, in 
particular by comparison with the ar-elements which are pro- 
duced in a universal way below [Fe/H] 2.5 (Fig.[T0landl9Tl. 

Models should be generated to investigate whether low-mass 
systems could resist the explosions of a few high-mass super- 
novae but not multiple lower mass ones, thereby loosing the 
main r-process ele ments produced in O-Ne-Mg core collapse 
of 8-10 M stars dWanaio et all 12003). Alternatively, it is not 
straightforward to reconcile that the neu t ron winds of core- 
collapse SNe II (lOian & Wasserburdl2007t iFarouqi et al.ll2009l) 
would be expelled from the galaxy bodies, while leaving a nor- 
mal enrichment in the a element s but a depletion in r-process 
ones. The work of ICescutti et al.l d2006l) provides another way 
to tackle the question of the enrichment in Ba with time or 
[Fe/H]. The dispersion in [Ba/Fe] observed at [Fe/H] 5 -3.5 or 
below [Fe/H]< -2 for the faint dSphs is of the or der ldex. This 
corres ponds to the intrinsic spread predicted by ICescutti et al.l 
(2006)'s model 1, in which barium is produced by 15-3OM 
massive stars. Their stellar yields in barium is increasing with 
decreasing stellar masses, by a factor ~1000 between 3OM and 
12Mq, but only by a factor 10 between 30M o and 15M . At 
[Fe/H]=-3.5 their lightest stellar mass star dying is ~ 15M . It 
is likely the minimum stellar mass that can enrich the faintest 
dSphs. For the more massive ones, the full range of 12-3OM 
provides a good fit to the data. 

For [Sr/Fe], the distinction between low- and high- mass 
galaxies is clearer. Our comparison sam ple is that of Se ct. 15.11 
to which we added the measurements of Barklem et al. (2005) 
with no restriction on [Ba/Eu]. Galaxies similar to Draco or 
fainter have a constant [Sr/Fe] with a mean [Sr/Fe]=-1.23 and 
a dispersion of 0.29 dex, corresponding to the abundance ra- 
tio of the Milky Way halo stars at [Fe/H] < -3.5, but up to 
more than one dex below the level of the Milky Way at [Fe/H] 
> -2.6. Conversely, Scl07-50 and the two Sextans stars in our 
sample perfectly follow the galactic halo trend in [Sr/Fe], while 
Fnx05-42 displays a higher [S r/Fe] value rSr / Fe]~ +0.87, yet 
still within the 2<x dispersion of iBarklem et al.l (|2005) and echo- 
ing its relatively high barium content. 

While different star formation histories lead to different evo- 
lution in the strontium and barium enrichements, it is remarkable 
that in the earliest stages of the galaxy evolution, here character- 
ized by [Fe/H] below -3.5 or so, all galaxies, from the UFDs to 
the massive Milky Way, produce the same amount of r-process 
elements. 

Figure Q3] sheds lig ht on the relation b etween primary and 
secondary r-process. Francois et aT| (120071) precisely described 
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Fig. 14. Abundance ratios [Ba/Fe] and [Sr/Fe] as a function of 
[Fe/H]. General symbols are as in Fig|9] From our initial com- 
parison sample, we only keep the r-process only stars in the 
[Ba/Fe] plot. This requires to ha ve measurement s of the Eu abun- 
dance . This was possible w ith Lai et al l d2008l) : iFrancois et al.l 
d2007l) : lHonda et al.l (120041) ; I Aoki et alj d2005l). We also i nserte d 
the sample of Milky Way halo stars of Barklem et al. (2005), 
similarly excluding carbon-rich and [Ba/Eu]>0 (s-process en- 
riched stars). As t o the UFDs , we use the analysis and upper 
limits in [Ba/Fe] of Koch et al. (2008b) on Hercules (plus sign). 
In the case of Scl07-49, we could only estimate an upper limit 
for [Ba/H] in that we indicate with an arrow. Missing the blue 
part of its s pectrum we could not measure its abundance in SrII. 
Data from Shetrone et a D d2001l) in Ursa Minor are identified 
with small six-branches stars and. The Carina stars (crosses) at 
[Fe/H] > -2.5 are taken from lShetrone et alj d2003l) . The dotted 
line at [Sr/Fe]=-1.23 corresponds to the mean abundance ratio 
of the smallest dwarfs (fainter than Draco) and to the level of the 
Galatic halo stars for [Fe/H] < -3.7. 



that although Milky Way halo stars show a decrease in [Sr/Fe] 
and increased scatter below [Fe/H] of -3 (similarly to [Ba/Fe]), 
a strong relationship of [Sr/Ba] as a function of [Ba/H] is hidden 
in this dispersion. Indeed, below [Ba/H]=-3 [Sr/Ba] increases 
from a solar ratio reaching up to +1 dex at [Ba/H]=-4. This is 
the strongest evidence to date for the weak r-process to arise ear- 
lier in the Milky Way evolution than the main r-process. Below 
this, [Sr/Ba] scatters down back to solar values again around 
[Ba/H]=-5. All four stars for which we could measure Sr and 
Ba follow the [Sr/Ba] Galactic trend (Fig.[T5l>. suggesting a con- 
stant and universal ratio between the processes delivering heavy 
and light r-process elements. Nevertheless, further investigation 
is clearly needed to clarify why some of the ultra faint dwarfs, 
such as Coma Berenices and Ursa Major II seem to follow the 
same relation between strontium and barium as the Milky Way 
halo and the classical dSph stars, while others, such as Bootes or 
Draco, are clear outsiders, showing lower [Sr/H] than expected 
from their barium content. 
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[Ba/H] 

Fig. 15. [Sr/Ba] versus [Ba/H] for the comparison sample (see 
Fig- Oand for the EMP stars of this work. Symbols as in Fig|9] 
The plain line indicate s the solar r-process [Sr/Ba], as derived by 
Simmerer etaLl d2004 . 



6. Summary and concluding remarks 

We analyzed high-resolution VLT/UVES spectra of five metal- 
poor candidates in three different dwarf spheroidal galaxies, 
Sextans, Fornax, and Sculptor. The abundances of 15 chemical 
elements were derived. 

All stars from our sample have metallicities around or below 
-3. This significantly increases the total number of extremely 
metal-poor stars observed in dwarf galaxies, placing their metal- 
licity floor at a level comparable with the Milky Way Halo. 
Moreover our sample contains the most metal poor star ever ob- 
served in a dwarf galaxy, Scl07-50 with [Fe/H] = -3.96+0.06. 

The analysis of the chemical composition of our sample stars 
and the comparison with the Milky Way halo and other classi- 
cal and ultra-faint dwarf galaxies, allowed us unprecedented in- 
sights in the earliest chemical enrichment of these galaxies. Our 
main results are the following: 

- We showed that all our stars have undergone some degree of 
internal mixing, consistent with their advanced evolutionary 
stages. Taking into consideration mixing-induced carbon de- 
pletion, one Sextans star in our sample, Sex24-72, must be 
considered as carbon-enhanced. This carbon enhancement 
most likely reflects the pristine property of the ISM rather 
than mass transfer from an AGB companion. Similar moder- 
ately carbon-rich high-luminosity stars had been previously 
identified in Draco and Ursa Majorll, while they do not ex- 
ist in the Milky Way halo. Interestingly, we found evidence 
for inhomogeneities in the early ISM in Sextans: the carbon 
abundances of our two Sextans stars are very different, de- 
spite their similar metallicities, temperatures, gravities, and 
abundance ratios for all the other elements. 

- We showed that below [Fe/H] = -3, the abundances of the 
c-elements show no major difference between the various 
galaxies in our comparison sample, from small to massive 
systems. Similarly, the abundances of the iron peak elements, 
aluminum and sodium in dwarf galaxies follow the trends 
with metallicity seen in the Milky Way halo. This suggests 
that the conditions of nucleosynthesis and of early enrich- 
ment of the interstellar medium are universal for these ele- 
ments, i.e., independent on the properties of the host galaxy. 

- Below [Fe/H] ~ -3.5 all galaxies have similar low bar- 
ium and strontium contents. Above this metallicity, galaxies 
fainter than Draco have [Sr/Fe]~ -1.23 and [Ba/Fe]~ -1, 
while the more massive ones increase their r-process chemi- 
cal abundances, eventually reaching the solar level observed 



in the Milky Way. Despite this variation with galaxy mass, 
there is some evidence for a constant ratio between the 
"weak" and "main" r-processes, although in some cases, 
such as Bootes, the Sr content is lower than expected from 
the abundance in Ba. This issue definitely deserves follow- 
up. 

This study definitely strongly suggests the presence of EMP 
stars in all classical dSphs. Their analysis yields unique con- 
straints on the conditions of onset of star formation as well as on 
the sites of nucleosynthesis. Future surveys of EMPS in dSphs 
will significantly improve our understanding on how and where 
the first generations of stars arise and assemble, firmly estab- 
lishing trends and level of homogeneities in the early interstellar 
media. 
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Table 1. Log of observations. The exposure times are given for the blue and red arms of UVES. The signal-to-noise ratios are 
measured at 4000 (with the exception of Scl07-050, for which S/N per pixel was measured at 4500), 5300 , and 6300 . The 
metallicity estimates are derived from CaT or from an HET/HRS spectrum in the case of Sex24-72. 
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Table 2. Log of observations. The exposure times are given for the blue and red arms of UVES. The signal-to-noise ratios are 
measured at 4000 (with the exception of Scl07-050, for which S/N per pixel was measured at 4500), 5300 , and 6300 . The 
metallicity estimates are derived from CaT or from an HET/HRS spectrum in the case of Sex24-72. 



Table 3. Visual and near-IR photometry. /, H, Ks for Sextans and Fornax from 2MASS, for Sculptor from VISTA ; V, I from ESO 
2.2m WFI. 



ro 

Sex24-72 
Sexll-04 
Fnx05-42 
Scl07-49 
Scl07-50 



V 

17.35 ±0.02 
17.23 ±0.02 
18.48 ±0.02 
18.35 ±0.02 
18.63 ±0.02 



I 

16.03 ±0.02 
16.02 ±0.02 
17.23 ±0.02 
17.27 ±0.02 
17.73 ±0.02 



J 

15.13±0.04 
14.92±0.04 
16.15±0.09 
16.44±0.02 
16.81±0.02 



H 

14.53 ±0.04 
14.30 ±0.04 
15.72 ±0.15 



Ks 
14.42±0.06 
14.13±0.09 
15.31+0.19 
15.76±0.02 
16.13±0.03 



Table 4. Photometric and spectroscopic stellar parameters: The stellar photometric temperatures in Sextans and Fornax are deter- 
mined from V -I,V -J,V -H, and V - Ks, those in Sculptor from V - /, V - J, and V - Ks; phot and spec refer to the finally adopted 
photometric and spectroscopic temperatures. The last column indicates the spectroscopically derived microturbulence velocities. 



ID 
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log(g) 
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2.2 
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Table 5. Errors owing to uncertainties in stellar atmospheric parameters, where A(T,v) stands for a simultaneous shift - consequence 
of their correlated impact on abundances - of T e yy by +150 K and v, by +0.2 km/s and A g for a shift of log(g) by +0.3 dex. The 
uncertainties are roughly symmetric, therefore negative shifts of the atmospheric parameters yield the same errors with opposite 
signs. 
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Table 7. Linelist, equivalent widths and scattering corrections. These corrections are subtracted from the original abundances calculated with 
calrai. The exponents have the following meanings: (1) Equivalent widths are not used, abundances are determined from synthesis instead; (2) 
Hyperfine structure was taken into account. (3) Lines are not used, due to very high uncertainties (e.g. blendlines, low S/N etc.) 
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5429.70 


FE1 


0.96 


-1.880 


179.0 ±4.1 


0.07 


185.7 ±4.2 


0.10 


157.1 ±4.3 


0.08 










5434.52 


FE1 


1.01 


-2.120 


164.9 ±4.4 


0.06 


178.2 ±3.1 


0.09 


130.9 ±3.6 


0.08 










5446.92 


FE1 


0.99 


-1.910 


172.3 ±4.1 


0.06 


202.4 ±4.6 


0.10 


138.7 ±4.3 


0.08 










5455.61 


FE1 


1.01 


-2.090 






206.2 ±4.3 


0.10 


131.5 ±4.7 


0.08 










5455.61 


FE1 


1.01 


-2.090 


174.2 ±3.8 


0.06 


















5497.52 


FE1 


1.01 


-2.850 


110.9 ±4.6 


0.06 


138.9 ±3.3 


0.08 


82.6 ±2.1 


0.07 










5501.48 


FE1 


0.96 


-3.050 


107.7 ±4.1 


0.06 


135.4 ±3.4 


0.08 


75.8 ±2.4 


0.07 










5506.79 


FE1 


0.99 


-2.790 


122.8 ±3.9 


0.06 


150.0 ±4.5 


0.08 


97.2 ±3.9 


0.07 






23.5 +1.8 


0.01 


5569.62 


FE1 


3.42 


-0.540 


40.9 ±2.1 


0.07 


50.8 ±2.6 


0.11 














5572.84 


FE1 


3.40 


-0.310 










27.1 ±1.6 


0.09 










5576.09 


FE1 


3.43 


- 1 .000 






38.8 ±2.4 


0.10 














5586.76 


FE1 


3.37 


-0.140 


79.9 ±2.9 


0.08 


86.5 ±4.2 


0.13 














5615.66 


FE1 


3.33 


0.050 


75.6 +3.0 


0.08 


107.0 ±1.8 


0.13 


57.4 ±2.6 


0.09 


59.7 ±2.7 


0.04 






5956.70 


FE1 


0.86 


-4.570 






30.7 ±3.1 


0.11 














6136.62 


FE1 


2.45 


-1.500 


70.4 ±3.6 


0.04 


93.8 ±3.5 


0.06 






42.4 ±4.23 


0.02 






6137.70 


FE1 


2.59 


-1.366 


66.3 ±1.3 


0.04 


79.7 ±2.1 


0.06 














6191.57 


FE1 


2.43 


-1.416 


80.3 ±2.7 


0.04 


107.3 ±2.6 


0.06 














6213.43 


FE1 


2.22 


-2.660 


30.3 ±2.2 


0.03 


42.4 ±2.4 


0.04 














6219.29 


FE1 


2.20 


-2.438 


41.4 ±2.0 


0.03 


52.1 ±2.5 


0.04 














6230.74 


FE1 


2.56 


-1.276 


84.4 ±2.3 


0.04 


89.4 ±3.5 


0.06 


43.0 ±1.5 


0.04 


60.6 ±8.9 


0.02 






6252.57 


FE1 


2.40 


-1.757 


65.3 ±2.7 


0.03 


89.6 ±2.2 


0.05 


44.6 ±2.9 


0.04 


30.5 ±4.3 


0.02 






6290.97 


FE1 


4.73 


-0.760 










28.8 ±2.9 


0.04 










6297.80 


FE1 


2.22 


-2.740 


53.1 ±3.6 


0.03 


34.0 ±3.3 


0.05 














6393.61 


FE1 


2.43 


-1.630 


80.5 ±2.0 


0.03 


93.8 ±1.9 


0.05 






42.3 ±4.0 


0.02 






6421.36 


FE1 


2.28 


-2.014 


56.2 ±2.4 


0.02 


80.5 ±2.7 


0.04 














6430.86 


FE1 


2.18 


-1.946 


67.3 ±2.9 


0.03 


95.2 ±2.6 


0.04 


39.1 ±2.7 


0.03 


35.7 ±4.1 


0.01 






6494.98 


FE1 


2.40 


-1.270 


94.2 ±3.3 


0.03 


122.9 ±3.3 


0.04 






55.5 ±2.8 


0.02 






6593.88 


FE1 


2.43 


-2.390 


22.8 ±3.5 


0.02 


















5018.43 


FE2 


2.89 


-1.220 


126.4 ±4.4 


0.18 


140.4 ±5.6 


0.24 


99.7 ±4.9 


0.24 


100.8 ±3.8 


0.13 


30.1 


0.03 


4923.92 


FE2 


2.89 


-1.320 


115.3 ±5.3 


0.20 


124.3 ±5.5 


0.27 


86.5 ±3.4 


0.26 


82.3 ±3.1 


0.12 


35.8 


0.03 


5276.00 


FE2 


3.20 


-1.950 


58.2 ±3.2 


0.11 


71.0 ±3.6 


0.18 






39.3 ±2.6 


0.04 
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A 


EL 


Xex 


log(gf) 


S24-72 




SI 1-04 




EW ±AEW 
Fnx05-42 


^scattering 


Scl07-49 




Scl07-50 




6247.56 
5197.57 


FE2 
FE2 


3.89 
3.23 


-2.360 
-2.100 






18.4 ±3.0 


0.07 






34.2 ±5.3 


0.07 






3995.30 
4118.77 
4121.31 


COl 
COl 
COl 


0.92 
1.05 
0.92 


-0.220 
-0.490 
-0.320 


101.9 2 
105.1 2 


0.34 
0.29 


113.7 2 
127.5 2 


0.45 
0.40 


57.0 2 
69.4 2 


0.38 
0.38 






44.8 2 
38.6 2 


0.08 
0.07 


3807.13 
3858.29 
5476.92 


Nil 
Nil 
Nil 


0.42 
0.42 
1.83 


-1.180 
-0.970 
-0.890 


123 J 
112.2 ±3.2 


0.08 


214 3 
198 3 
109.2 ±4.3 


0.12 


118 J 
114.3 ±7.7 
50.4 ±5.5 


0.48 
0.08 


78.2 ±3.2 


0.05 


51.4 ±4.3 
62.8 ±10.2 


0.11 
0.11 


4077.71 
4215.52 


SR2 
SR2 


0.00 
0.00 


0.167 
-0.145 


173 


0.31 
0.30 


204.6 
176.3 


0.41 
0.40 


231' 
197.6 


0.40 
0.40 






65.0 
46.5 


0.08 
0.08 


4883.69 


Y2 


1.08 


0.070 


<21 


0.11 


22.6' 


0.15 


<37 


0.15 


<14 


0.07 


<15 


0.03 


4554.03 
6141.73 
6496.91 


BA2 
BA2 
BA2 


0.00 
0.70 
0.60 


0.170 
-0.077 
-0.380 


41.0 2 
46.7 2 


0.03 
0.03 


68.6 2 
63.7 2 


0.05 
0.05 


53.0 2 
39.0 2 


0.04 
0.02 


<13 2 
<10 2 


0.02 
0.01 


16.8 2 


0.04 


4129.70 


EU2 


0.00 


0.204 


<25 


0.42 


<21 


0.30 


<29 


0.34 






<20 


0.06 



Table 8. Abundances 





Fel 


Fell 


C 


OI 


Nal 


Mgl 


All 


Sil 


Cal 


Sell 


Til 


Till 


CrI 


Mnl 


Col 


Nil 


SrII 


YII 


Ball 


EuII 


10g6(X) G 


7.50 


7.50 


8.55 


8.87 


6.33 


7.58 


6.47 


7.55 


6.36 


3.17 


5.02 


5.02 


5.67 


5.39 


4.92 


6.25 


2.97 


2.24 


2.13 


0.51 


Sex24-72 










































Nb Lines 


68 


3 






1 


3 


1 


1 


4 


2 


7 


6 


4 


1 


2 


1 


1 




2 




[X/H] 


-2.93 


-2.86 


-2.53 


<-2.29 


-2.60 


-2.83 


-3.43 


-2.75 


-2.81 


-3.01 


-3.12 


-2.70 


-3.31 


-3.23 


-3.12 


-2.70 


-3.14 


<-3.45 


-4.03 


<-3.09 


[X/Fe] 






0.40 


< 0.64 


0.33 


0.10 


-0.5 


0.18 


0.12 


-0.08 


-0.19 


0.23 


-0.38 


-0.30 


-0.19 


0.23 


-0.21 


<-0.52 


-1.10 


<-0.16 


Error 


0.04 


0.08 


0.19 




0.30 


0.06 


0.5 


0.35 


0.09 


0.10 


0.07 


0.09 


0.10 


0.30 


0.27 


0.14 


0.35 




0.19 





Sexll-04 



Nb Lines 


oo 








L 


"J 

J 


9 

Z 


1 
1 


o 


O 
Z 


7 


7 


A 


1 
1 


z 


1 
1 


1 


1 
1 


9 

Z 




[X/H] 


-2.94 


-2.70 


-3.94 


<-2.()8 


-3.00 


-2.63 


-2.65 


-2.47 


-2.79 


-3.00 


-3.15 


-2.72 


-3.32 


-3.47 


-2.90 


-3.00 


-2.95 


-3.38 


-3.79 


<-3.27 


[X/Fe] 






-1.00 


<0.86 


-0.06 


0.31 


0.29 


0.47 


0.15 


-0.06 


-0.21 


0.22 


-0.38 


-0.53 


0.04 


-0.06 


-0.01 


-0.44 


-0.85 


<-0.33 


Error 


0.04 


0.09 


0.32 




0.08 


0.08 


0.15 


0.30 


0.07 


0.11 


0.05 


0.07 


0.12 


0.20 


0.35 


0.11 


0.40 


0.16 


0.14 




Fnx05-42 










































Nb Lines 


40 


2 






2 


3 


2 


1 


3 


4 


4 


7 


2 


2 


2 


2 


1 




2 




[X/H] 


-3.66 


-3.42 


-4.46 


<-2.45 


-3.69 


-3.20 


-3.88 


-3.52 


-3.15 


-3.38 


-3.71 


-3.27 


-4.25 


-5.26 


-3.91 


-4.02 


-2.84 


<-3.18 


-4.07 


<-3.11 


[X/Fe] 






-0.80 


< 1.21 


-0.05 


0.41 


-0.22 


0.14 


0.53 


0.28 


-0.05 


0.39 


-0.59 


-1.60 


-0.25 


-0.36 


0.82 


< 0.48 


-0.41 


< 0.55 


Error 


0.04 


0.08 


0.23 




0.07 


0.08 


0.21 


0.14 


0.12 


0.09 


0.07 


0.08 


0.13 


0.18 


0.25 


0.20 


0.20 




0.16 




Scl07-49 










































Nb Lines 


21 


4 






2 


2 






2 


2 


6 


3 


2 






1 










[X/H] 


-3.48 


-3.22 






-3.72 


-3.26 




<-2.05 


-2.98 


-3.08 


-3.33 


-3.03 


-3.90 






-3.25 




< 3.51 


<-4.44 




[X/Fe] 










-0.24 


0.22 




<1.43 


0.50 


0.40 


0.15 


0.55 


-0.42 






0.23 




<().()5 


<-0.88 




Error 


0.04 


0.10 






0.11 


0.08 






0.06 


0.11 


0.08 


0.09 


0.12 






0.08 










Scl07-50 










































Lines 


21 


2 






2 


4 


2 


1 


1 


2 




9 


3 


3 


2 


2 


1 




1 




[X/H] 


-3.96 


-4.08 


-3.96 




-4.03 


-3.97 


-4.63 


-3.97 


-4.45 


-3.75 




-3.75 


-4.56 


-4.91 


-3.49 


-4.33 


-5.11 


< -3.22 


-4.80 


<-2.57 


[X/Fe] 






0.00 




-0.07 


-0.01 


-0.67 


-0.01 


-0.49 


0.21 




0.21 


-0.60 


-0.95 


0.47 


-0.37 


-1.15 


< 0.74 


-0.84 


< 1.39 


Error 


0.06 


0.11 


0.50 




0.10 


0.13 


0.10 


0.20 


0.13 


0.10 




0.08 


0.09 


0.23 


0.26 


0.12 


0.16 




0.16 
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